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AaSTRACT 

Absolute frequency measurement has been extended to the visible spectrum 
with the measurement of the strong 1.15 pm laser line in *ONe at 260 THz 
and lines in iodine at twice this frequency. The 260 THz frequency was 
synthesized in nonlinear crystals of CdGeAs, and AgAsS3 from stabilized C02 
lasers ar\d the 1.5 pm laser line in 20Ne. The visible frequencies were 
synthesized by generating the second harmonic of the 260 THz radiation with 
4 LiNbO, crystal. 
I 2 ; I 2  near 520 THz were measured. 

The absolute frequencies o f  ten hyperfine components of 

LNTRODUCTION 

S i x e  the frequency measurement by Hocker et al. [l] in 1967 of the 890 GHz 
line o f  the HCN laser the progress in laser frequency measurement has been 
steady (See F i g .  1). The frequency measurement of the 10 THz line of H20 
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i i? 197G by Evenson e t  a i .  [ Z ]  and t h e  1973 frequency measurement o f  t h e  CG, 
laser- a t  3C THz cpaned t h e  way f o r  t h e  SE THz (2.39 pin) f requency measure- 
ment of  t h e  CHI s t a b i l i z e d  Ne l i n e  by  Evenson, e t  a l .  [ 3 ]  

S ince  the 88 GHz measurement, p rogress  toward h i g h e r  f requenc ies  has 
been somewhat s lower  due t o  t n e  f a l l o f f  i n  t h e  s e n s i t i v i t y  o f  t h e  p o i n t -  
c o n t a c t  M I M  a ioae usea i n  t n e  measurements. k e v e r t h e l e s s ,  i n  1974 t n e  148 
TH: f requency  o f  Xe gas measured (41,  and then,  in 1977 t h e  197 THz Ne 
r a d i a t i o n  was a l s o  measured [SI. E f f o r t s  t c  reach 260 THz and t h e  v i s i b l e  
were s t i l l  e l u s i v e .  D u r i n g  t h e  p a s t  y e a r ,  however, a change i n  e x p e r i -  
mental  techn iques  has r e s u l t e d  i n  a t t a i n m e n t  o f  b o t h  of  these goals .  

The 260 THz Measurement 

I n  p r i n c i p l e ,  t h e  measurement o f  t h e  260 THz (1 .15  pm) l a s e r  l i n e  in “Ne 
i s  s t r a i g h t f o r w a r d  as can be seen i n  F ig .  2. The a d d i t i o n  o f  two COz . laser 
l i n e s  t o  t h e  D r e v i o u s l y  measured 197 THz l a s e r  r a d i a t i o n  o f  ZoNe synthe- 
s i z e s  t h e  r e a u i r e d  frequency O F  260 THz w i t h i n  t h e  1 . 5  GHz pass band o f  t h e  
RF a m p l i f i e r  used. 

Frequency Svnthesns 0 1  1 l 5pm ~ C J .  2 Synthes is  o f  t h e  1.15 pm 
Ne r a d i a t i o n .  

The a c t u a l  syn thes is  o f  26G THz was achieved by u s i n g  t h e  q u a d r a t i c  
n o n l i n e a r  s u s c e p t i b i l i t y  i n  c r y s t a l s  t o  mix  t h e  known l a s e r  f requenc ies  i n  
t h e  f o l l o w i n g  manner. A c r y s t a l  o f  CdGeAsz was used t o  sum t h e  R ( 2 0 j ,  
13C16Gz and t h e  R f 2 2 ) ,  12C1602 l a s e r  f requenc ies .  The 63 THz b f r tpu t  
f requency  ( 4 . 7  pm)ILas then summed w i t h  t h e  197 THz frequency o f  a 20Ne, 
1 . 5  bm l a s e r  i n  a c r y s t a l  o f  Ag3AsS3 ( p r o u s t i t e ) .  T h i s  syn thes ized r a d i a -  
t i o n  (260 THz) was combined w i t h  t h e  260 THz ZoNe, 1.15 pm l a s e r  r a a i a t i o n .  
and t h e  d i f f e r e n c e  frequency ( i . e . ,  the  b e a t  f requency) was de tec ted  on a 
f a s t  p h o t o v o l t a i c  Ge d iode.  The r e s u l t i n g  b e a t  f requency was a m p l i f i e d  and 
measured w i t h  a spectrum aqa lyzer .  

The exper imental  setup i s  shown i n  F i g .  3 .  The CO, re fe rence l a s e r s  
were s t a b i l i z e d  t o  the  s a t u r a t e d  a b s o r p t i o n  i n  C O z ,  [SI and t h e  c0z power 
l a s e r s  were f reduency o f f s e t  locked.  The 1.15 pm, 3He-20Ne l a s e r  was f r e -  
quency o f f s e t  locked t o  a Lamb-dip s t a b i l i z e d  1.15 pm, 20Ne l a s e r  [ 6 ] .  
1 .5  urn. 3He-20Ne l a s e r  was manual ly s e t  t o  t h e  c e n t e r  of i t s  g a i n  curve.  
The b a s i c  l a s e r s  have been d e s c r i b e d  elsewhere N i t h  t h e  e x c e p t i o n  t h a t  
m i r r o r s  and gas f i l l s  wer.e changed t o  enhance l a s e r  performance for  each 
p a r t i c u l a r  frequency [ 3 , 7 ] .  

The 
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There fo re ,  t h e  frequency o f  t h e  20Ne, 1 . 1 5  pm l a s e r  was: 

+ v  - V  bea t ,  ZONe,  1.52 pm 
where 

v’2C1602,RII(22) = 32.373 156(00) THz [ E C ] ,  

v’3C160Z,RIi(20) = 30.950 409(00) 

‘”Ne, 1.52 pn 

THz [ 9 ] ,  

= 196.780 372(25) THz [lo], dnd 

‘beat = 0.000 673(15) THz. 

Thus, 

‘“Ne, 1.15 pm = 260.102 264(30) THz. 

This  number i s  in agreement w i t h  the f requenc ies  d e r i v e d  from wavelength 
measurements i n  t h e  spect ra t a b l e s  [ll] and a r e c e n t ,  m o r e  accurate wave- 
l e n g t h  measurement [12]. The u n c e r t a i n t y  i n  t h e  2oNe,  1 . 1 5  pm frequency 
comes f r o m  t h e  u n c e r t a i n t i e s  i n  the  20Ne, 1.52 pm frequency (25 MHz) and 
the  d e t e r m i n a t i o n  o f  l i n e  cen te r  (15 MHz).  

Prev ious frequency measurements up t o  197 THz (1.52 pn) have u t i l i z e d  
Lhe t u n g s t e v n i c k e l ,  p o i n t - c o n t a c t  d iode as the n o n l i n e a r  element for syn- 
t h e s i s  and d e t e c t i o n .  Several unsuccessfu l  a t tempts were made t o  use t h i s  
d iode i n  the  measurement o f  t he  260 THz f requency p r i o r  t o  t he  measurement 
desc r ibed  above. A f t e r  t h i s  f resuency had been s u c c e s s f u l l y  measured w i th  
the  n o n l i n e a r  c r y s t a l s  ( i . e .  t h e  bea t  f requency was known) the  4.73, 1.52, 
and 1.15 pm r a d i a t i o n s  were again focused on the  p o i n t - c o n t a c t  d iode i n  
another  a t tempt  t o  use t h i s  dev ice.  A l l  r e c t i f i e d  s i g n a l s  were o f  t he  
o rde r  o f  1 mV; t he  p o l a r i t y  o f  t he  1.52 and 1.15 pm s i g n a l s  was oppos i te  t o  
t h a t  o f  t he  4.73 pm s i g n a l .  
w i t h  d iode  impedances from a feu hundred ohms t o  seve rd l  thousand ohms. 
The r e s u l t s  were.unsuccessfu1. 

A search was made a t  t h e  known bea t  frequency 

Once t h e  260 THz ZoNe l i n e  i s  measured i t  i s  i n  p r i n c i p l e  a s imple 
m a t t e r  t o  double t h i s  frequency and thereby syn thes i ze  a known frequency i n  
the  v i s i b l e ,  520 THz .  I n  a j o i n t  exper iment  w i t h  t h e  Na t iona l  Research 
Counci l  i n  Ottawa, Canada t e n  h y p e r f i n e  t r a n s i t i o n s  i n  12’12  near 520 THz 
w e r e  measured by comparison w i t h  t h e  known f requency o f  t he  Lamb-dip s t a b i -  
l i z e d  pure 20Ne l a s e r  a t  260 THz. The ye l l ow-g reen  l i g h t  a t  520 THz, gen- 
e ra ted  ( i n  t h e  NRC l a s e r )  [ 13 ]  by i n t r a c a v i t y  d o u b l i n g  i n  l i t h i u m  n ioba te  
o f  260 THz r a d i a t i o n  f r o m  a He-Ne d ischarge,  was servo- locked t o  i n d i v i a u a l  
h y p e r f i n e  components o f  l Z 7 I 2  observed i n  s a t u r a t e d  abso rp t i on ,  and t h e i r  
f requenc ies  were determined s imply  by measurement o f  the bea t  f requencies 
o f  t h e  two r a d i a t i o n s  a t  260 THz.  
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Fig. 4 Results of the lz7I2 hyperfine frequency measurement at 520 Hz. 
Absorption spectra of l 2 ’ I 2  from the work o f  GFRSTFNKORN et a l .  

P(62) line in the 17-1 band of l 2 ’ I 2  (See Fig. 4 ) .  Fifteen hyperfine 
components (labeled a to o in order of decreasing frequency) are expected 
i n  this line, and ten o f  these (f to 0) were observed in saturated absorp- 
tion within the laser tuning range. I s  

we]! separated from the others and provides by far the best signal-to-noise 
r a t10  because the backgrouna aosorption from the other iodine components l S  
relatively small and because i t  occurs near tne peak of the laser output 
power. 
iodine Pressure o f  4 Pa. With 2 MHz frequency modulatiorr (at 1.8 kHz), the 
laser could be servo-locked to the zero-crossing of the amplitude modula: 
tlon at 5.4 kHz that occurs at the center of each component (third harmon1c 
locking). The infrared laser was locked in turn to each hyperfine compo- 
nent for the frequency measurements described below, and thus was at ha’f 
the frequency of the hyperfine line. 

There is a substantial overlap o f  the aoubled radiation and the strong 

The lowest frequency component, 0, 

The components had a full width at half height o f  2 MHz for an 

The frequency measurements were done simply by combining the 260 THz 
The beat frequency beams f r o m  the two lasers on a high speed photodiode. 
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was d i s p l a y e d  on a spectrum ana lyze r  and measured w i t h  an a d j u s t a b l e  marker 
o s c i l l a t o r  and counter .  The f requency,  fm, o f  t h e  a-component i s  g i v e n  by 

= 2 [ f N e  + (fJ2 - fNe)] .  

S i x  decerminat ions of  t he  f requency d i f f e r e n c e  between t h e  o-component 

The s tandard  d e v i a t i o n  o f  
Systemat ic  errors aue t o  asymmetry o f  

and t h e  Lamb-dip were made w i t h  a readjustment  o f  t h e  i n i r r o r s  o f  t h e  NBS 
l a s e r  f o r  symmetrical Lamb-aip between each one. 
s i x  such s e t t i n g s  was about 0.1 MHz. 
t h e  modu la t i on  envelope were es t ima ted  t o  be l e s s  than  about  1% o f  t h e  45 
MHz f u l l  w i d t h  o f  the Lamb-dip. Other  sources o f  e r r o r  were s i g n i f i c a q t ) y  
l e s s  than  t h i s .  The mean va lue  i s  

f 0 / 2  - fNe = 154.3 MHz, 

and the  as t ima ted  1 - 0  e r r o r  i s  0 .5  MHz. The frequency o f  the o-componept 
o f  P ( 6 2 ) ,  17-1 band o f  12’12 i s  t hus  

fo  = 2 [ f  + ( f o Y / 2  - f N e ) ]  = 520 206 837 2 60 MHz. Ne 

A p r e l i m i n a r y  measurement o f  t h e  wavelength o f  t h i s  component gave 
h = 576 294 758 i 6 f m  [14], from which we c a l c u l a t e  f = c/A = 520 206 811 
+- 6 MHz [15]. The agreement between t n e  above va lues ?or t he  frequency i s  
s a t i s f a c t o r i l y  w i t h i n  the  e r r o r  l i m i t s .  I n  a d d i t i o n ,  t h e  l a s e r  was locked  
t o  each of  t h e  components ( n  t o  f )  and t h e  b e a t  f requencies between f / 2  

The u n c e r t a i R t y  
?ideE;f&of t hese  bea t  f requenc ies  i s  a l s o  0.5 MHz. 

w e r e  measured. The r e s u l t s  a re  shown i n  F i g .  4. 

Th i s  ex tens ion  o f  abso lu te  frequency measurements t o  t h e  v i s i b l e  paves 
t h e  way for  h i g h l y  accu ra te  measurements i n  t h i s  p o r t i o n  o f  t h e  e l e c t r o -  
magnetic sDectrum. The r a t h e r  l a r g e  e r r o r  l i m i t  on f i s  due t o  t h e  f r e e  
r u n n i n  197 THz Ye-Ne l a s e r  used i n  the  measurement o p t h e  Lamb-dip s t a b i -  
l i z e d  ?ONe, 1.15 pn l a s e r .  I n  view o f  t he  r e p r o d u c i b i l i t y  o f  t h i s  Lamb-dip 
s t a b i l i z e d  l a s e r ,  an improved d e t e r m i n a t i o n  o f  i t s  f requency,  f can be 
combined w i t h  t h e  above va lue  o f  f - 2 f  
these i o d i n e  f requencies by about t w 8  or#&s o f  magnitude. 

t o  decrease t h e  u n c e r b ; n t y  o f  

The Frequency Chain t o  t he  V i s i b l e  

F i g .  5 i l l u s t r a t e s  the  e n t i r e  cha in  o f  frequency measurements which l i n k  
the  f requency a t  520 THz t o  t h e  Cs frequency s tandard,  Four teen l a s e r s  and 
s i x  k l y s t r o n s  w e r e  used i n  seven s teps,  each te rm ina ted  by a l a s e r  a c t i v e l y  
s t a b i l i z e d  t o  a Dopp le r - f ree  a b s o r p t i o n  l i n e  when p o s s i b l e .  U n f o r t u n a t e l y ,  
such a s t a b i l i z a t i o n  technique does n o t  e x i s t  f o r  t h e  2.03 pm Xe and 1.52 
pm Ne l a s e r s .  Consequently, t he  p r i n c i p a l  u n c e r t a i n t y  i n  t h e  520 THz 
measurement r e s u l t s  from tne u n c e r t a i n t i e s  i n  these two f requencies.  W i t h  
t h i s  c h a i n ,  a s i g n i f i c a n t  improvement can t h e r e f o r e  be r e a l i z e d  by connect- 
i n g  t h e  88 THz and 260 THz l ase rs  i n  a s i n g l e  s tep .  Th is  measurement can 
be done i n  a s t r a i g h t f o r w a r d  way by s imu l taneous ly  obse rv ing  beats  between 
the  88 and 148 TYz l a s e r s ,  t h e  148 and 197 THz l a sers ,  and t h e  197 and 260 
THz l a s e r s .  U n f o r t u n a t e l y ,  t h i s  measurement would r e q u i r e  e leven l a s e r s  
and one k l y s t r o n  i n  a major  exper imenta l  e f f o r t .  

The re fo re ,  t he  cha in  shown i n  F i g .  6 i s  proposed as an a l t e r n a t i v e  
technioue for  connec t ing  t h e  1 2 7 i 2  s t a b i l i z e d  520 l a s e r  t o  t h e  Cs frequency 
s tandard.  The m u l t i p l i c a t i o n  f a c t o r  o f  48020 i s  accomplisned w i t h  s i x  
l a s e r s  and f i v e  k l y s t r o n s .  a s i g n i f i c a n t .  r e d u c t i o n  from the p rev ious  chain.  

44 



Vt0 ‘520206817 

Fig. 5 Old laser 

U, a 196.780372 
HI.NI 11.52rn) 

I 

f 

co, VR[lO] Il04.”1 

4 3 7 p m )  

I v, ‘0 014 212 5 4 5  8 3  

KLYSTRON 

LASER 
F R E O U E N C Y  
SYNTHESIS 

CHAIN 
( A U  FRLOULNCILS In Tnr  ) 

8 DOOL 

KLYSTRON 

0 SPKTRUM A N I L Y S L R  

requency synthesis chain from X-band to visible. 

45 



1.; = 2 I/, 

v, =2v,+I/,, 

v, =7v3 

I l 2  (0.576pmt 

Ud ~ 2 6 0  103419 

0 & 

CO, 111.+ml 

&-= 
CH,OH ( 8 0 6 p I  

v; =714+v3, * 
4 

Y =n/,.v,, 

LASER 
FREQUENCY 
SYNTHESIS  

CHAIN 
(TO THE VISIBLE) 

( A L L  FREOUENC!ES I N  THZI 

PHOTOOIOOE 

@ MIM OIOOE 

KLYSTRON V, =O 525427 

KLYSTRON 

STANOARO KLYSTRON 

V1'48.02O Y, 

F i q .  6 New proposed simplified laser frequency synthesis chain. 

46 

. - -  



HOW TO M A S U R E  THE 
12 FREIIUENCY AT 633nm 

t 
U, 146.595414 

v,=791 MHZ F i a .  7 Proposed way t o  lneasure t h e  
v, 'U, -u, 'V ,  12 frequency a t  473 THz. 

A l l  l ase rs  i n  t h e  c h a i n  e x i s t ,  and each m u l t i p l i c a t i o n  s t e p  has been demon- 
s t r a t e d  t o  be e x p e r i m e n t a l l y  f e a s i b l e  w i t h  t h e  n o n l i n e a r  dev ices i n d i c a t e d  
i n  the  diagram. T h i s  c h a i n  should have a _measuremen_t c a p a b i l i t y  w i t h  a 
f r a c t i o n a l  frequency u n c e r t a i n t y  between 10 and 10 f o r  t h e  I2 t r a n s i -  
t i o n  a t  520 THz. 

Th i s  s t a b i l i z e d  frequency a t  520 THz appears t o  be an i d e a l  re fe rence  
f rom which t o  syn thes i ze  o t h e r  s tandard  f requenc ies  i n  t h e  v i s i b l e  spec- 
trum. I t  i s  a n t i c i p a t e d  t h a t  these f requenc ies  w i l l  aga in  be sny thes i zed  
by m ix ing  the r a d i a t i o n  from the  520 THz l a s e r  w i t h  an a p p r o p r i a t e  i n f r a r e d  
l a s e r  i n  a n o n l i n e a r  c r y s t a l  such as AgCaS2. Th is  c r y s t a l  h i s  been pro- 
duced w i t h  a wide, low a b s o r p t i o n ,  t r a n s m i s s i o n  band ( c r C O . 5  cm for 0.5(h 
(10 um) [16]  and has been used t o  up -conver t  10.6 pm r a d i a t i o n  i n t o  t h e  
green s p e c t r a l  range [17] .  A s  an example o f  t h i s  method, F ig .  7 shows a 
p o s s i b l e  way t o  measure t h e  frequency o f  t h e  I2 s t a b i l i z e d  0.633 gm Ne 
1 aser .  

Summary 

I n  summary, we have demonstrated t h e  tecnnique o f  v i s i b l e  frequency mea- 
surements that. a r e  d i r e c t l y  r e l a t e d  t o  t h e  CS f requency s tandard.  I n  t h e  
f u t u r e  we would hope t o  use t h i s  techn ique  t o  generate a number o f  s tandard 
f requenc ies  i n  the  v i s i b l e .  
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